Introduction {#sec1}
============

Cardiomyocytes (CMs) derived from human pluripotent stem cells (hPSCs) have been found in preclinical studies to prevent the progression of heart failure and function as a biological pacemaker, and therefore are a promising cell source for regenerative medicine to treat cardiovascular diseases ([@bib1; @bib13; @bib14]). Extensive engraftment of hPSC-CMs and electromechanical coupling of these cells with the host have been demonstrated in a nonhuman primate model ([@bib2]). An area of great interest to the field of stem cell research is engineering tissue constructs from hPSC-CMs, with the aim of providing better transplantable constructs for regenerative cardiac therapy as well as in vitro models to study human cardiac development, health, and disease. Many current approaches often require a great deal of effort to prepare enriched CMs from differentiation cultures; for example, CMs can be enriched by a mitochondrial dye ([@bib6]) or metabolic selection ([@bib17]) and then aggregated, or by fluorescence-activated cell sorting based on surface markers for the generation of tissue patches ([@bib24]). Genetically modified hPSCs have also been used to select cardiac progenitors or CMs for the production of tissue-engineered cardiac constructs ([@bib3; @bib15]).

Several strategies to generate tissue-engineered cardiac constructs have been considered, including the self-assembly of 3D cell aggregates. Such aggregates offer several advantages and can be easily generated by forced aggregation and maintained in a rotary orbital suspension culture ([@bib8]). Microscale technologies allow for the generation of size-controlled 3D multicellular aggregates ([@bib7]) that can promote cell-cell and cell-matrix interactions analogous to those observed among cells in vivo, which cannot be achieved in traditional 2D cultures. Furthermore, in contrast to macrotissue constructs, microtissue constructs can obviate limitations of oxygen and nutrient transport, do not require additional matrix or scaffold materials, and are suitable for scale-up suspension production, and thus represent a robust method for cardiac tissue engineering ([@bib9]). Therefore, we produced and characterized scaffold-free 3D cardiospheres from 2D differentiation cultures of hPSCs using microscale technologies. The combined technique of forced aggregation and 3D suspension culture is capable of robustly and rapidly enriching CMs from heterogeneous differentiation cultures, and also promotes enhanced structural maturation of CMs compared with parallel 2D cultures.

Results {#sec2}
=======

Derivation of Human Induced PSC Lines and CM Differentiation {#sec2.1}
------------------------------------------------------------

We generated 3D cardiospheres using two human induced pluripotent stem cell (iPSC) lines, 903-19 and 903-20, derived from human dermal fibroblasts ([Figure S1](#app2){ref-type="sec"} available online); the IMR90 iPSC line ([@bib22]); and the H7 human embryonic stem cell (hESC) line ([@bib16]). The generated iPSCs expressed PSC markers and generated cell types of all three germ layers ([Figure S1](#app2){ref-type="sec"}), indicating that the 903-19 and 903-20 lines were bona fide PSC lines that might be used for subsequent CM differentiation.

To induce CM differentiation in 2D cultures of the four hPSC lines, the cells were sequentially treated with activin A and BMP4 ([@bib10]) or small molecules targeting the Wnt pathway ([@bib11]). In general, spontaneously beating clusters were first observed between days 7 and 9, and gradually increased in number over time. By day 14, cells across large regions of the cultures were strongly contracting ([Movie S1](#mmc2){ref-type="supplementary-material"}) and continued to beat vigorously until they were harvested.

Generation of Uniform Cardiospheres via Microscale Forced Aggregation and Suspension Culture {#sec2.2}
--------------------------------------------------------------------------------------------

To produce cardiospheres, 2D differentiation cultures were dissociated and seeded into microwells ([Figure 1](#fig1){ref-type="fig"}A). After 24 hr, cell aggregates were transferred to suspension culture and maintained for 7 days. The cells consistently aggregated to form 3D cardiospheres regardless of the initial CM differentiation efficiency (∼10%--40%). After 2 days and for the duration of the suspension culture, ∼100% of the resulting cardiospheres exhibited spontaneous beating ([Movie S2](#mmc3){ref-type="supplementary-material"}). The cardiospheres maintained their starting size for the entire suspension culture period ([Figures 1](#fig1){ref-type="fig"}B and 1C). Histological analysis indicated that the cardiospheres consisted of densely packed cells that were entrapped with relatively little collagen and glycosaminoglycans and lacked visible necrotic centers ([Figure 1](#fig1){ref-type="fig"}D), in contrast to the necrotic regions that are often observed in large (\>600 μm in diameter) multicellular aggregates of PSCs ([@bib5]).

We next determined whether the cardiospheres had appropriate calcium-handling properties. When incubated with a calcium indicator dye, Fluo-4, all of the cardiospheres showed calcium impulses ([Movie S3](#mmc4){ref-type="supplementary-material"}). Optical recordings of intracellular calcium transients by line scans reflected appropriate cyclic calcium handling ([Figure 1](#fig1){ref-type="fig"}E). The average spontaneous beating frequency for these cells was 0.49 Hz, which was in the range reported in the literature for functional hESC-CMs ([@bib12]), and the amplitude was also consistent with what has been measured in human cardiac cells ([@bib18]). Other measured parameters, including times to 50% peak and to 50% decay, were also representative of a cardiac-type phenotype. In addition, increased spontaneous beating rates were observed when cells were treated with isoproterenol, a β-adrenergic agonist, indicating an appropriate pharmacological response ([Figure 1](#fig1){ref-type="fig"}F).

Altogether, these results suggest that the combination of microscale forced aggregation and suspension culture enables the reliable generation of cardiospheres that retain appropriate calcium handling properties and pharmacological response.

Robust Enrichment of CMs via Cardiosphere Formation {#sec2.3}
---------------------------------------------------

The gross distribution of CMs within cardiospheres was examined by whole-mount staining. Sarcomeric α-actinin^+^ cells were observed throughout cardiospheres, and punctate connexin 43 staining was seen between the cells within the constructs ([Figure 2](#fig2){ref-type="fig"}A). These staining patterns indicated that the majority of the cells in the aggregates were CMs. To further evaluate whether enrichment of CMs occurred in cardiospheres, the proportion of CMs in dissociated cardiospheres was compared with that in parallel 2D cultures by immunocytochemical analysis of α-actinin. Staining of cells from cardiospheres indicated that α-actinin^+^ cells were abundantly present, with only rare instances of unstained cells ([Figure 2](#fig2){ref-type="fig"}B, bottom). In contrast, the majority of cells in 2D cultures lacked α-actinin expression ([Figure 2](#fig2){ref-type="fig"}B, top). These results demonstrated that CMs had been greatly enriched from 2D cultures.

To quantify the enrichment efficiency, flow-cytometric analysis was used to determine the percentages of α-actinin^+^ cells in cardiospheres and parallel 2D cultures. As depicted in [Figures 2](#fig2){ref-type="fig"}C and 2D, the percentage of α-actinin^+^ cells from 3D cultures was enriched to ∼90% from ∼40%, and to ∼80% from ∼10%, respectively, from parallel monolayer cultures, translating to an enrichment factor of ∼2- to 7-fold. This finding indicated that cardiosphere culture enabled robust enrichment of hPSC-CMs, irrespective of the initial differentiation efficiency of the starting population.

Role of Cell Aggregation in CM Enrichment {#sec2.4}
-----------------------------------------

To understand the process of CM enrichment and determine when the enrichment primarily occurred, we analyzed the CM purity of cardiospheres and parallel 2D cultures at several time points: before (day 14) and immediately after aggregation (day 14+1) and after 3 or 7 days in suspension culture (day 14+3 and day 14+7, respectively). An input cell population from a 2D culture of H7 cells containing ∼30% α-actinin^+^ cells at day 14 was forced to aggregate into 3D cardiospheres. Compared with parallel 2D controls, which maintained similar levels of purity during 1 week of adherent culture, the CMs in cardiospheres increased to ∼60% 1 day after initiation of cell aggregation (day 14+1), and further increased to ∼90% by 3 and 7 days in suspension (days 14+3 and 14+7, respectively; [Figure 3](#fig3){ref-type="fig"}A). Therefore, CM enrichment occurred early after initial aggregation and increased further during the subsequent suspension culture phase.

Since enrichment of CMs occurred 1 day after initiation of aggregation, this process was monitored more closely. An input 2D culture containing ∼20% α-actinin^+^ cells with ∼90% viability (measured by trypan blue exclusion) was used to form cardiospheres ([Figure S2](#app2){ref-type="sec"}). After 24 hr, a subset of the cells incorporated into cardiospheres while the rest of the cells remained as single cells or small clusters in the supernatant. With input cells at 1,500 cells/microwell, each cardiosphere contained ∼600 cells after 1 day of cardiosphere formation, suggesting that selective cell aggregation occurred during cardiosphere formation.

To evaluate the fate of noncardiac cells, we collected both cells in the supernatant fraction (which are typically removed during medium changes) and cardiospheres, and examined them for cell viability and purity of CMs. Cells in the supernatant were mostly single cells with a poor cell viability (∼10%). In contrast, the viability of the cells from dissociated 3D cardiospheres was ∼90%. When cells from the supernatant were replated, a majority of the cells remained unattached and the cells that did survive were mostly negative for α-actinin. In contrast, cells from cardiospheres attached well and the percentage of α-actinin^+^ cells increased from ∼20% in the 2D culture to ∼60% in cardiospheres ([Figure S2](#app2){ref-type="sec"}). Cell counting indicated that ∼20% of the initial input non-CMs were recovered in the cardiospheres, suggesting that the majority of non-CMs were dead and remained in the supernatant. Addition of a ROCK inhibitor during cardiosphere formation did not affect viability or CM enrichment ([Figure S2](#app2){ref-type="sec"}). The dramatic difference in cell viability between cardiospheres and cells in the supernatant was confirmed by Annexin V and propidium iodide (PI) staining ([Figure 3](#fig3){ref-type="fig"}B). Cardiospheres consisted of ∼90% Annexin V^−^/PI^−^ (live) cells; in contrast, cells in the supernatant consisted of only ∼20% live cells. These results suggest that CMs can preferentially survive and form cardiospheres, whereas the majority of the unincorporated non-CMs do not.

To examine whether the size of the cardiospheres affected enrichment, we formed aggregates of 500, 1,000, or 1,500 input cells/microwell by varying the density of the initial cell suspension ([Figure S3](#app2){ref-type="sec"}A). The input of 500 cells/microwell yielded noticeably smaller aggregates compared with the input of 1,000 or 1,500 cells/microwell. We found that ∼97%--100% cells from cardiospheres in all three conditions were positive for α-actinin, whereas only ∼14% of the cells from the 2D culture were α-actinin^+^, suggesting that different seeding densities did not affect the overall enrichment of CMs, but did yield cardiospheres of different sizes ([Figure S3](#app2){ref-type="sec"}B).

Next, we examined whether the proliferation of CMs or conversion from non-CMs (progenitors) into CMs contributed to CM enrichment. Cells from a 2D culture and cardiospheres were costained with antibodies against pH3 (a marker for cells in the proliferative M phase), α-actinin, or NKX2-5 with α-actinin. Only ∼2%--4% of pH3^+^/α-actinin^+^ cells were detected within the α-actinin^+^ cells, and ∼1%--4% NKX2-5^+^/α-actinin^−^ cardiac progenitors were detected, suggesting that proliferation of CMs or conversion from progenitors into CMs was unlikely a major contributor to the enrichment of CMs ([Figure S3](#app2){ref-type="sec"}C). Collectively, these observations suggest that selective cell survival and homophilic adhesion of CMs result in aggregation to form cardiospheres with significant CM enrichment.

To investigate the involvement of specific cell adhesion molecules (N-cadherin and neural cell adhesion molecule-1 \[NCAM-1\]) in CM aggregation, we incubated dissociated 2D differentiated cultures with antibodies targeting N-cadherin or NCAM-1. At 0 hr, cells in all conditions remained mostly as dissociated single cells. After 4 hr of incubation, we observed large cell aggregates at the center of all wells except those containing perturbing antibodies against NCAM-1, where small cell clusters and single cells were seen throughout the wells. When transferred to flat wells, these aggregates and small clusters maintained their general appearance ([Figure 3](#fig3){ref-type="fig"}C). These observations implicate NCAM-1 as a likely mediator of CM aggregation into cardiospheres. We next examined whether neuroectoderm cells (which can express NCAM-1) were present in the input 2D cells and 3D cells. SOX2, a stem cell marker that persists in neuroectoderm ([@bib4]), was undetectable in both 2D and 3D cultures, indicating a lack of neuroectoderm cells in the differentiation population. These results suggest that in the absence of neuroectoderm, CMs aggregation is mediated (at least in part) by NCAM-1.

Structural Characteristics and Modulation of Structural Maturation of CMs via Cardiosphere Formation {#sec2.5}
----------------------------------------------------------------------------------------------------

To examine the microstructure of CMs in cardiospheres, we stained dissociated and replated cardiospheres with cardiac markers, including sarcomeric myosin heavy chain (sMHC), α-actinin, NKX2-5, and cardiac troponin I (cTnI). As shown in [Figure 4](#fig4){ref-type="fig"}A, these cells were positive for all of these markers and also featured clear muscle striations when observed under high magnification, suggestive of their bona fide CM status. Next, given the enhanced cell-cell interactions in cardiospheres, we investigated the possible effect of the suspension cultures on CM structural maturity. For this purpose, we compared the z-line sarcomere organization and morphology of CMs that originated from cardiospheres and 2D cultures. More than 200 2D and 3D α-actinin^+^ CMs were "scored" for their relative levels of z-line sarcomere organization; as such, a cell that received a higher score represented a greater level of sarcomeric structures ([Figure 4](#fig4){ref-type="fig"}B). Compared with CMs from 2D cultures, 4.4-fold more cells from 3D cardiospheres exhibited higher levels of sarcomeric striations (level 4 cells), and 1.8- to 5.1-fold fewer cells from 3D cultures showed a morphology of levels 1--3 ([Figure 4](#fig4){ref-type="fig"}C). As shown in [Figure S4](#app2){ref-type="sec"}, the sarcomere lengths of the level 4 cells from 3D cultures were significantly higher than those of the level 4 cells from 2D cultures. The length-to-width ratios of α-actinin^+^ cells in 3D cells were also significantly higher than those in 2D cells, although no significant difference was observed for cell area and cell perimeter ([Figure S4](#app2){ref-type="sec"}). These data suggest that cardiosphere cultures promote several features of structural maturation in hPSC-CMs.

Discussion {#sec3}
==========

Overall, we show that combination of forced aggregation and suspension culture enables the reliable generation of cardiospheres with spontaneous contractility. Strikingly, these cardiospheres contain highly enriched (up to ∼100%) CMs that retain expected functional characteristics. The enrichment is particularly robust and efficient irrespective of the starting population, even when cultures contain as little as ∼10% CMs. Furthermore, CMs within cardiospheres display enhanced sarcomeric structural maturation compared with those from parallel monolayer cultures. Thus, the use of cardiospheres represents a unique, simple, and straightforward method for the enrichment of CMs. Our findings highlight advantages conferred by 3D tissue engineering of CMs derived from hPSCs.

Enriched CMs are highly desirable for research and translational applications such as drug discovery and cell therapy, as well as mechanistic characterization of inherited cardiac diseases with iPSC-CMs; for example, gene-expression profiling between patient- and unaffected control-specific CMs could be confounded by low CM purity in differentiation cultures. Although efficient CM differentiation methods have been reported ([@bib11; @bib23]), in many cases there remain large variations in CM purity in differentiation cultures, as indeed we experienced in this study even with the well-characterized H7 hESC line. Whereas several techniques allow for the enrichment of CMs from heterogeneous differentiation cultures, such methods nevertheless exist with one or more caveats, such as complex and lengthy procedures, low-to-moderate efficiency, genotoxicity, and/or production of CMs that are labeled with antibodies, dyes, or magnetic beads ([@bib1; @bib20]). The cardiosphere-mediated enrichment method reported here is simple to perform, is highly efficient, does not require genetic modification, and yields highly enriched CM populations free of any antibodies or dyes. Added benefits of the 3D cardiospheres include potential to overcome challenges of low rates of cell retention following transplantation of dissociated cells and to be directly used for high-throughput in vitro assays in drug discovery.

CM enrichment in cardiospheres is apparently mediated via selective cell survival and homophilic association. NCAM-1 is a cell-surface glycoprotein and calcium-independent adhesion protein that is expressed in developing hearts and other tissues, modulates cell-cell interaction during development ([@bib19]), and was previously found to be highly expressed on hESC-CMs ([@bib21]). This study demonstrates that NCAM-1 plays a functional role in the aggregation of hPSC-CMs. The enrichment of CMs in cardiospheres is likely facilitated by a lack of other cell types, such as neuroectoderm that express NCAM-1 in differentiated cultures.

The microscale cardiospheres generated herein exhibit enhanced structural maturation of CMs, suggesting a potential improvement in the utility of tissue-engineered cardiac constructs. This technology also provides a simple and effective method for the enrichment of hPSC-CMs that will be a useful cell source for regenerative therapies and can serve as simple tissue models for drug discovery and development.

Experimental Procedures {#sec4}
=======================

Microwell Formation of Cardiospheres {#sec4.1}
------------------------------------

To generate 3D cardiospheres, 2D differentiation cultures on days 14--23 were dissociated with 0.25% trypsin/EDTA and seeded into microwells (Aggrewell 400; StemCell Technologies) at a density of 500--1,500 cells/microwell. After 24 hr, cardiospheres were transferred to rotary orbital suspension culture (at a speed of 60--65 rpm) and maintained for up to 8 days. Upon the completion of culture, cardiospheres were harvested for subsequent characterization.
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![CM Differentiation on Monolayers and Engineering of 3D Cardiospheres\
(A) Schematic outlining the procedures used to differentiate hPSCs to CMs in 2D culture and to engineer 3D cardiospheres from 2D cultures.\
(B) Size distribution (mean ± SD; n = 11--56 cardiospheres for each time point) of cardiospheres during suspension culture.\
(C) Phase-contrast images of CMs generated on monolayers on day 14 postinduction (2D; left), cells 1 day after seeding in microwells (3D; day 14+1), and cardiospheres on day 2 (3D; day 14+2) and day 7 (3D; day 14+7) in suspension. Scale bars represent 200 μm.\
(D) Histological analysis of cardiospheres after 7 days in suspension culture. Scale bars represent 50 μm.\
(E) Calcium transient recordings in live CMs from cardiosphere outgrowths. Left, 2D scans of a cardiosphere outgrowth loaded with Fluo-4, where increasing calcium is indicated by the change in color from dark blue to light green. The red line indicates the location at which the line scan was recorded. Scale bar represents 20 μm. Middle, average calcium intensity along the line scan, with all transients demonstrating cyclic calcium handling. The fluorescence intensity for all recordings is normalized to the baseline measured at time 0 (F~0~). Right, summary of the characteristics of calcium transients from cardiosphere outgrowths (mean ± SE; line scans of n = 18 cardiosphere outgrowths).\
(F) Pharmacological response of CMs from cardiospheres. The morphology of dissociated cardiospheres in a multielectrode array (MEA) chamber and representative MEA recordings before and after incubation with the β-adrenergic agonist isoproterenol (10 mM) are shown. Note that the beating rate increased upon treatment with isoproterenol. Scale bar represents 100 μm.](gr1){#fig1}

![Enrichment of hPSC-CMs via 3D Cardiosphere Culture\
(A) Whole-mount staining of 3D cardiospheres for sarcomeric α-actinin and connexin 43. Scale bar represents 50 μm.\
(B) Immunostaining for α-actinin of cells harvested from day 21 monolayer cultures (2D; top) and day 7 cardiospheres (3D; bottom) (day 14+7). Dissociated cells from cultures generated from three hPSC lines were immunostained for sarcomeric α-actinin (green) and counterstained for nuclei with DAPI (blue). Scale bars represent 50 μm. Note that α-actinin staining is present throughout the field, with rare occurrences of unstained cells in the samples from 3D cardiospheres.\
(C) Quantification of CM purity by flow-cytometric analysis for α-actinin on cells derived from 903-20 iPSCs. Numbers indicate the percentage of cells positive for α-actinin (left) or the matching negative isotype control (isotype; right).\
(D) Same as (C) except that the 903-20 iPSC line is shown at a later passage. More than 1 × 10^5^ live cells (EMA-negative events) were analyzed in all flow-cytometric analyses.](gr2){#fig2}

![Role of Cell Aggregation in CM Enrichment\
(A) Flow-cytometric analysis of α-actinin in H7 2D cultures and 3D cardiospheres at several time points. The purity of CMs was analyzed at day 14, 1 day after initiation of cardiospheres (day 14+1), and after 3 and 7 days in suspension (day 14+3 and day 14+7, respectively). 2D control cultures were analyzed at the same time points. Note that enrichment of CMs was observed soon after initiation of cell aggregation and further in suspension cultures.\
(B) Schematic diagram for cardiosphere formation and separation of cells from cardiospheres and supernatant, phase-contrast images, and flow-cytometric analysis of Annexin V and PI in cells from H7 cardiospheres and supernatant on day14+1. Scale bars represent 100 μm.\
(C) Cell aggregation inhibition assay. Dissociated differentiation cultures of 903-19 iPSCs were incubated in medium containing the indicated antibodies and monitored at 0 hr or 4 hr after the incubation. Note that the formation of large cell aggregates was prevented in medium containing antibodies against NCAM-1. Scale bars represent 50 μm.](gr3){#fig3}

![Structural Analysis of CMs from 3D Cardiospheres\
(A) Immunocytochemical analysis of cardiac markers on dissociated cardiospheres derived from 903-19 iPSCs. Note that cardiac markers were present throughout the field and that a higher magnification revealed typical cardiac sarcomeric striations. Scale bars represent 50 μm.\
(B) Comparison of CM maturation between 2D culture and 3D cardiospheres derived from 903-20 iPSCs. Cardiospheres at day 14+7 and the parallel 2D culture were dissociated, replated, and stained for sarcomeric α-actinin (green) and DAPI (blue). The level of sarcomeric striations was visualized from high-magnification images and given a score of 1--4. Cells that received a score of 1 stained positively for α-actinin, but without clear sarcomeric striations. Cells that were scored 2, 3, or 4 had detectable sarcomeric striations at increasing levels.\
(C) Percentage of cells by the scores. Note that cells from 3D cultures displayed higher numbers of cells with more clear sarcomeric striations compared with cells from 2D cultures. Scale bars represent 5 μm.](gr4){#fig4}
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